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Abstract 

Introduction. The formation of the quality parameters of the surface layer and the operational properties of the parts 
occurs throughout all stages of their manufacture. However, the decisive impact is most often exerted by the stages of 
finishing. Therefore, in modern digital engineering, the task of process support of high quality of the surface layer of the 
part is one of the challenges in solving the problem of improving the quality and reliability and increasing the life cycle 
of manufactured machines. Surface plastic deformation treatment is instrumental in improving the performance 
characteristics of machine parts. Its essence is that the required quality parameters of parts are obtained not by removing 
a layer of material, but by plastic deformation. During the processing, both the dimensions of the parts and the physical 
and mechanical properties of the surface layers are changed. In this case, the technologist has the opportunity to 
significantly increase the life cycle of the manufactured products through controlling the process. These studies are aimed 
at providing the required quality parameters of the surface layer under processing with an eccentric hardener. 

Materials and Methods. The article presents the results of research on a new method of surface plastic deformation 
treatment — with an oscillating eccentric hardener. The considered processing method enables to obtain high quality of 
the treated surface, to process large-sized parts in places that are stress concentrators, to process welds, small areas of 
surfaces, whose hardening is needed for the part to fulfill its intended service. A set of theoretical studies was carried out; 
their results provided determining the parameters of a single interaction of the indenter and the surface of the part, the 
diameter of the plastic imprint and its depth. 

Results. Dependences for determining the surface roughness, the depth of the hardened layer and the degree of 
deformation were obtained. The resulting formulas were tested for adequacy by experimental studies. 

Discussion and Conclusion. The obtained research results can be used in the technological design of surface plastic 


deformation treatment processes. Further tasks for the study of the considered processing method are determined. 
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AnHoTanHa 

Beedenue. DopmMupoBaHue NapaMeTpoB KayecTBa MOBeEPXHOCTHOTO CJIOA HM 9SKCIVIyaTalMOHHbIX CBOHMCTB jeTael 
IIPOHCXOJUT Ha IPOT#KEHHH BCeX ITAMOB UX H3TOTOBJIeCHHA. OWHAaKO pelllaiolljee BIMAHHe Yallle BCETO OKa3bIBaIOT ITAIIbI 
(buHHmHOM oOpadotku. IlostToMy B cCOBpeMeHHOM LM@poBoM MallMHOCTpoeHHH 3ajaya TeXHOJOrM4ecKoro 
oOecreyeHHA BbICOKOTO Ka¥eCTBa MOBEPXHOCTHOTO CJIOA WeTaIM ABIIACTCA OHOM M3 BaKHeEMMMX MpH pelleHun 
TIpOOEMBI MOBBILNCHHA KAYeCTBA, Halex*KHOCTH HM YBeIMYeHHA 2%KM3HCHHOTO WHKa UPOM3BOAHMMBIX Mallu. Bexyuryro 
pOJb B HOBBIMCHHH 9KCIUIyaTalMOHHbIX XapaKTepHCTHK JleTalIeii MalIMH vrpaeT oOpadoTKa MOBepXHOCTHbIM 
TWIACTHYCCKUM esPOpMHupoBaHHeM, CYLWIHOCTb KOTOpOM 3aKIIOUaeTCA B TOM, YTO TpeOyeMble MapaMeTpbI KayecTBa 
WeTasleH JOCTHraloTca He yaIeHveM CJIOA MaTepHalia, a ero WlacTHYecKUM JedopmMupoBaHuem. B mporecce oOpaooTKu 
IIpOH3BOHTCA H3MeHeHHe Kak pa3Mepos JeTaliei, Tak MU (PH3HKO-MeXaHHYecKUX XapakKTepHCTHK MOBEPXHOCTHBIX CJIOeB, 
ylipaBlad KOTOPbIMH TeXHOJIOr HMCCT BO3MOXKHOCTL 3HAYHTeCIbHO YBCJIMYHBATb %KH3HCHHBIM WMKI MpOu3BOMMOl 
mpoayKuuuH. Llenbro HacToAmHx MccleqoBaHu sABIAeTCA OOecneueHHe HeOOXOJHMBIX TMapaMeTpoB KayecTBa 
MIOBCPXHOCTHOTO CJIOA Ip OOpadoTKe IKCLICHTPHKOBbIM YIIPOUHUTEJIEM. 

Mamepuansi u memooosi. B cratbe mpescTaBeHbl pe3ysIbTaTbI UCCIeqOBaHH HOBOrO MeTOa oOpadoTKH 
TIOBCPXHOCTHBIM IWIaCTHYeCKHM ePOpMHpoBaHHeM —  OCIIMJWIMPYOWJHM 9KCIICHTPHKOBbIM YIIPOUHHTesIeM. 
PaccmatpvBaeMbIli MeTO OOpaOoTKH MO3BONAeT MOyYaTb BbICOKOe KayecTBO OOpadboTaHHOM MOBepXxHOCTH, 
OCYIeCTBIATh OOpaboTKy KpylHoraOapHTHBIx JeTalielt B MeCTaX, ABJIAIOW[MXCA KOHI[CHTpaTopaMy HalipsKeHHH, 
oOpabaTbIBaTb CBapHBle WIBbI, HCOObIIMe y4acTKH MOBepXHOCTeH, yMpOuHeHHe KOTOPHIX HEOOXOAMMO JIA BbITIOHeHHA 
WeTasIbko cBoero cilyxKeOHOrO Ha3HayeHHA. BpinosHeH KOMIVIeCKC TeOpeTHYeCKHX MCCeqOBaHHH, 10 pesysIbTaTaM 
KOTOPBIX OMIpeylesIeHbl TapaMeTpbI eCAHHHYHOTO B3aMMOJeMCTBHA MHAeHTOpa C MOBePpXHOCTbIO JeTasIM, WMamerTp 
IWIaCTHYECKOFO OTTHeUaTKa HM ero rryOuHa. 

Pezyismamot ucciedoeanua. Wlonyuenbl 3aBMCHMOCTH JIA OpesesIeHHA WIepOxXOBaTOCTH MOBepXHOCTH, TtyOMHbI 
ympouneHHoro clot wv cTeneHu yedopmayun. Ilonyyenupre dopmysbl pou MmpoBepKky aeKBaTHOCTH 
9KCICPHMeHTAIbHBIMH HCCIeOBaHHAMH. 

O6cystcdenue u 3akmo4uenue. TlonyyeHHble pe3yiIbTaTbI MCCeqoBaHu MOryT ObITb UCHONb30BaHbI TIpv 
TeEXHOJOFHYeCKOM IpOeKTHPOBaHHU MpoleccoB OOpadoTKH MOBepXHOCTHBIM IWlacTHYecKUM JedopmMupoBaHHeoM. 


OnpezeseHsl WalibHenuine 3aadn TO HCCIICTOBaHHFO paCcCMaTpUBaeMOro MeTOa oOpadorTKn. 


KoroueBbie CJ10Ba: OocuWIMpyrounnt MHCTPpyMeHtT, 9KCLICHTPHKOBBIi YIpOUAHTeJIb, WepOXOBaTOCTb HOBepxXHOcTyH, 


rryOnHa yipOudHeHHOro CJIOA, CTCIICHb edopmaiuu 


BuaarogxapHocrn: aBTOPbI BbIPaxKaloT OlaroqapHOcTb pewakWHu *KypHaJia HW peweH3eHTaM 3a BHHMATCJIBHOe OTHOMICHHE 
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Aisa waTnpopanna. Tamapkun M.A., Tamapxuu 9.9., Xamamt O. DopMupoBaHue Ka4ecTBa HOBEpXHOCTHOTO COM pu 
OTJeNOUHO-yMpouHsAoMeh OOpadoTKe MeTasei SKCICHTPHKOBbIM yupouHuTelem. Advanced Engineering Research 
(Rostov-on-Don). 2023;23(2):130—-139. https://doi.org/10.23947/2687-1653-2023-23-2- 130-139 


Introduction. The reliability and durability of machine parts largely depend on the quality of their surface layer. From 
numerous works on mechanical engineering technology, it is known that the formation of the quality parameters of the 
surface layer occurs at all stages of their manufacture. However, the dramatic impact is most often exerted by the stages 
of finishing. Therefore, in modern digital engineering, increased attention is paid to the production design of highly 
efficient finishing operations of parts, which enables to respond to a challenge of increasing their life cycle. Surface plastic 
deformation (SPD) treatment is critical in improving the performance of machine parts carried out under finishing 


operations. In contrast to traditional cutting methods, the quality parameters of the surface layer in SPD are obtained 
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through performing plastic deformation with special tools or working media. In the course of processing, simultaneously 
with the change in the size of the processed parts, the physical and mechanical properties of the surface layers are changed. 
In this case, the technologist has the opportunity to significantly increase the life cycle of the manufactured products 
through controlling the process. 

It should be noted that the widespread use of many SPD methods in industry is hindered by poor knowledge of their 
basic laws, difficulties arising in the process of designing optimal combinations of processing modes, and design 
parameters of the tooling. On numerous occasions, treatment modes are assigned on the assumption of the results of 
private experimental studies, which provides low processing efficiency [1—6]. 

The objective of these studies is to provide the required quality parameters of the surface layer during processing with 
an eccentric hardener. 

Materials and Methods. The need for applying SPD under the conditions of modern machine-building industries 
results in the creation of new processing methods. One of such methods is the processing of SPD with an oscillating 
tool — with an eccentric hardener. 

Figure 1 shows a kinematic diagram of an eccentric hardener consisting of vibrating body 1 suspended on flat 
springs 2. Vibrations of vibrating body 1, acting normally to the treated surface, are excited by the rotation of eccentric 
mass (unbalance) 3 around the vertical axis. The rotation axis of the eccentric mass is restricted from moving relative to 
vibrating housing |. The rotational motion is transmitted to the eccentric from electric motor 5 through flexible shaft 6. 
Tool head 4 with an instrument of the appropriate geometric form is attached to housing 1. The motion of tool 4 is limited 
by limiter 7 (a workpiece). In this case, the tool is an indenter with a spherical sharpening. It can be made in the form of 
a roller or a ball. The vibration system in the eccentric hardeners can be represented as a single-mass system with two 
degrees of freedom, which is under the action of a force varying according to the harmonic law. To study the system 
dynamics, we consider the features of its free oscillation under the action of centrifugal vibration excitation and the nature 
of the movement of the system hitting the limiter (a part). 

Under free oscillation, the vibrating system fixed at the end of flat springs 2 (Fig. 1) performs harmonic oscillations, 
which are excited by the rotation of eccentric 3 with a constant angular velocity. 

The proposed device can be effective when processing formed parts of not the most complex profile, and in some 
cases — when processing simple surfaces, such as planes or bodies of rotation. 

First, it is required to check the possibility of providing a wide range of the energy of the impact of the tool head on 
the surface of the workpiece in combination with relatively low altitude characteristics of surface roughness. 

Due to the lower rigidity of a flat spring (in our case, two springs) in the X direction, in comparison to the stiffness in 
the Y direction, the system describes a trajectory close to an ellipse with a larger semi-axis in the X direction. To analyze 
the law of motion of the system, we decompose the trajectories along the X and Y axes. 

The equation of motion of the center of gravity is nothing more than a mathematical expression of Newton's second law. 


Fig. 1. Scheme of eccentric hardener: 1 — housing; 2 — flat spring; 3 — eccentric mass; 4 — tool head; 
5 — electric motor; 6 — flexible shaft; 7 — limiter (workpiece) 


Tamarkin MA, et al. Surface Quality Forming under Parts Finishing and Strengthening Treatment with an Eccentric Hardener 


Fig. 2. Rotations of the housing of the hardener during vibrations 


Research Results. To establish the main regularities of the process variables effect on the interaction of the oscillating 
indenter and the treated surface, it is necessary to take into account the kinetic energy of the indenter, the number of 
indenters, the radius of the indenter, the efficiency of the device, physical and mechanical properties of the 
workpiece [1-6]. 

Taking into account all the forces acting on the moving indenter, it is possible to write the equation of motion of the 


tool head in the Y direction: 


@ d 
m, y =-cy-p2+m,,,ro? COS Wf —™M, 8, (1) 
dt2 dt 
in the X direction: 
d2x dx : 
m, = —CX—W— + M,,,,7O? SIN OF, 2) 
dt2 dt 
d’y d?x ae F ; i 
where m, dt2’ mM, de projections of the inertia forces of the system on Y and X axes, respectively; ci, y, cx — 
ja t 


ae . : dx ad ae : : 
projections of spring resistance forces on Y and X axes; uw ae uu = — projections of the resistance forces of the medium 
t t 


on Y and X axeS33) Mean @2 COS OF, Mean’ @2 Sin@t — projections of the perturbing force on Y and X axes; 


m.g — gravity (weight) of the vibrating system; m-— mass of the vibrating system; c1, c — spring stiffness in the Y and 
X direction; up — resistance of the medium; 77camn — mass of the eccentric; r— distance from the axis of rotation of the 
eccentric to its center of gravity; @ — angular velocity; t— current time value; y, x — current coordinate value. 

Due to the significantly greater stiffness of the springs in the Y direction relative to the stiffness in the X direction, 
the amplitude of the indenter movement in the Y direction is noticeably less than the amplitude in the X direction. 
Therefore, we assume that the system performs harmonic oscillations only in the X direction, i.e., we consider an indenter 
with only one degree of freedom. 

If we neglect the damped oscillation, then the equation of motion will have the form: 

x =bsin(at + £), (3) 


where b — amplitude of the oscillations; 8 — phase difference between the exciting force and the movements of the 
center of gravity of the indenter. 


Substituting this expression into equation (2), we find: 
2 


b = MNeam To 3 (4) 


y(c-o@'m,) +@°w? 
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Q, 
a (5) 
c-aom, 
Value u is determined from the expressions: 
o,m,d 
zee a 6 
On (6) 


where w; — frequency of natural oscillations; 5 — logarithmic decrement of attenuation. 
After differentiating equation (4) in time and examining the function at the extremum, we obtain an expression for 


determining the maximum speed of the indenter: 
v= Mag? O (7) 
V(c-o'm,) +@ Ww 


The largest kinetic energy of the indenter is determined from the equation: 


cam 


2 We-wmy+ow] 


2 2 2,6 
_mVy mm. O (8) 


The analysis of the interaction of spherical indenters and a deformable half-space (the surface layer of the workpiece) 
is described in the classical works of I. V. Kudryavtsev [1, 2, 4, 5]. The diameter of the plastic print can be determined 


from the dependence 


(9) 


In this case, the depth of the plastic print can be defined as: 


a ees (10) 
4\M-D,-HD 


where 7 — kinetic energy of the tool head; HD — dynamic hardness of the part material (ratio of the impact energy of 
the spherical indenter to the volume of the displaced material upon impact); D; — diameter of the indenter; n — efficiency 
of the device; M — number of indenters. 

When processing with an eccentric hardener, the roughness parameters of the treated surface can receive a constant 
(steady-state) value, which is reproduced during further processing of the surface of the part. The relief of the resulting 
surface can be both isotropic and anisotropic and is formed by repeatedly superimposing traces of a single interaction. 

When the oscillating indenter interacts with the initial protrusions of the microasperity, its height decreases with a 
simultaneous decrease in the depth of the cavities of the microasperity. With increasing processing time, the initial surface 
roughness profile is completely reshaped. As a result, a new microrelief is formed, and it has a specific character for each 
SPD method [7—19]. 

The finally formed roughness of the treated surface is called “established”. As a rule, its altitude parameters do not 
depend on the initial one. They are formed under the specific conditions of each processing method and depend on its 
process variables. Based on the methodology of papers [3, 4], a dependence was obtained for determining the steady-state 


surface roughness during treatment with an eccentric hardener: 


T: 
Ra =00075, |" (11) 
D,-M-HD 


The parameters of the surface layer hardening, which include the depth of the hardened layer and the degree of 
deformation, have a major impact on increasing the life cycle of the machined parts. As a result of theoretical studies, 


analytical dependences were obtained for their calculation during processing with an eccentric hardener: 


(12) 


(13) 
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The above dependences correspond to the physical meaning of the phenomena occurring under processing, and have 
been verified during complex experimental studies. 

In the course of the experimental studies, samples from various materials often utilized for the manufacture of machine 
parts were used: high-quality and alloy steels (steel 45, HVG, steel 30, steel 30HGSA, etc.), aluminum alloys (AL1, AVT, 
D16, etc.). Flat samples were treated with an eccentric hardener under different modes. Ball and roller indenters were used. 

According to the theoretical dependences, graphs of the dependences of the roughness of the treated surface, the depth 
of the hardened layer and the degree of deformation on the processing modes, characteristics of working media and 
processed materials were constructed. 

In the graphs (Fig. 3-6), a solid line shows curves constructed according to theoretical formulas, and the dots show 
the results of experimental studies. The construction of confidence intervals with a confidence factor of 95% has been 
performed. 

There is high convergence of the results, which indicates that the theoretical dependence reflects correctly the 


phenomena occurring during the processing of SPD with an oscillating tool — an eccentric hardener. 
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Fig. 3. Dependence of the surface roughness on the radius of the indenter: 
1 — steel 45 sample material; 2 — HVG sample material 
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Fig. 4. Dependence of the surface roughness on the Brinell hardness of the part 
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a) b) 
Fig. 5. Dependence of hardening parameters on Brinell hardness for various materials: a — on the depth of the hardened layer; 
b — on the degree of deformation 
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Fig. 6. Dependence of hardening parameters on diameter of the indenter: a — depth of the hardened layer; 
b — degree of deformation. 1 — steel 45 sample material; 2 — HVG steel sample material 

Discussion and Conclusion. Based on the results of the conducted research, the following conclusions can be drawn: 

1. A theoretical dependence has been obtained that provides determining the kinetic energy of the indenter under 
processing with an oscillating tool — an eccentric hardener. 

2. Dependences have been obtained for determining the diameter and depth of the plastic print, as well as the surface 
roughness according to parameter Ra, the depth of the hardened layer and the degree of deformation that provide 
predicting the quality of the treated surface. 

3. The results of theoretical and experimental studies of the treatment process with an eccentric hardener were 
compared. The discrepancy in the results did not exceed 15%. 

4. The process under study is subject to further investigation in order to determine other parameters of the quality of 
the treated surface, e.g., the magnitude of residual stresses in the surface layer, and [5, 6, 20] also to expand the range of 
treatment modes and design parameters in order to determine their optimal range. 

5. The dependences obtained for determining the key parameters of the surface layer quality make it possible to predict 


the results of processing and can be used to design processes with an eccentric hardener. 
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